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1. Introduction
Nine states in the US have recently defined state perchlo-
rate advisory levels ranging from 1 to 18 μg/L for drink-
ing water (USEPA, 2006). Several studies have shown that 
biological treatment is an effective technology to remove 
perchlorate from drinking water (Brown et al., 2002; Gib-
lin et al., 2000; Herman and Frankenberger, 1999; Min et al., 
2004). For example, for a typical groundwater concentra-
tion of 50 μg/L, biologically active carbon (BAC) fixed bed 
reactors consistently removed perchlorate to below 2 μg/L 
(Brown et al., 2002, 2005). Despite these encouraging stud-
ies, the reliability of biological drinking water treatment is 
sometimes questioned, in particular under dynamic load-
ing conditions and during changes in reactor operation, 
such as after backwashing (Kim and Logan, 2001). The cur-
rent study evaluates the influence of backwashing on per-
chlorate removal in fixed bed biofilm reactors.
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Abstract
The influence of backwashing on biological perchlorate reduction was evaluated in two laboratory scale fixed bed 
biofilm reactors using 1- or 3-mm glass beads as support media. Influent perchlorate concentrations were 50 μg/L 
and acetate was added as the electron donor at a concentration of 2 mg C/L. Perchlorate removal was evaluated at 
various influent dissolved oxygen (DO) concentrations. Complete perchlorate removal was achieved with an influ-
ent DO concentration of 1 mg/L resulting in bulk phase DO concentrations below the detection limit of 0.01 mg/L.  
The influence of increasing influent DO concentrations for 12 h periods was evaluated before and after individual 
backwash events. Partial perchlorate removal was achieved with an influent DO concentration of 3.5 mg/L before 
a strong backwash (bulk phase DO concentrations of approximately 0.2 mg/L), while no perchlorate removal was 
observed after the strong backwash at the same influent DO level (bulk phase DO concentrations of approximately 
0.8 mg/L). The immediate effect of backwashing depended on influent DO concentrations. With influent DO con-
centrations of 1 mg/L, strong backwashing resulted in a brief (<12 h) increase of effluent perchlorate concentra-
tions up to 20 μg/L; more pronounced effects were observed with influent DO concentrations of 3 mg/L. Daily 
weak backwashing had a small and, over time, decreasing negative influence on perchlorate reduction, while daily 
strong backwashing ultimately resulted in the breakdown of perchlorate removal with influent DO concentrations 
of 3 mg/L.
Keywords: perchlorate, fixed bed biofilm reactor, backwash, oxygen, competing electron acceptor
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Regular backwashing is a key process for fixed bed bio-
film reactors that is necessary to prevent clogging, to re-
duce excessive head loss across the filter, to maintain an 
active biofilm, to prevent the proliferation of filamentous 
bacteria and eukaryotic organisms, such as fungi and pro-
tozoa, and to enhance the mass transfer of contaminants 
to the biofilm (Brown et al., 2002; Hozalski and Bouwer, 
1998; Laurent et al., 2003). However, backwashing also re-
duces the amount of active biomass in the reactor, which 
could potentially lead to unstable reactor performance (La-
hav et al., 2001; Nakhla and Farooq, 2003). Optimal strat-
egies for backwashing of biofilm reactors used for drink-
ing water treatment are not well defined (Ahmad et al., 
1998; Chaudhary et al., 2003; Laurent et al., 2003; Liu et al., 
2001). For a perchlorate removing fluidized bed biofilm re-
actor, McCarty and Meyer (2005) demonstrated that, us-
ing a model based sensitivity analysis, biofilm detachment 
was a key factor influencing effluent perchlorate concentra-
tion. In their system, detachment was achieved by remov-
ing the most buoyant BAC particles from the top of the re-
actor, cleaning them externally, and then returning cleaned 
BAC into the fluidized bed. In fixed bed reactors the main 
process to remove biomass is backwashing by air scour-
ing and filter bed expansion. Backwashing is typically per-
formed in intervals ranging from 1 to 7 days (Boller et al., 
1997). However, in some cases, backwashing intervals can 
be months (Brown et al., 2003). Backwashing intervals are 
usually determined by setting a fixed filter run time and a 
maximum head loss across the filter bed (Boller et al., 1997; 
Niquette et al., 1998). Using fixed bed reactors packed with 
plastic or sand media, Min et al. (2004) were able to reduce 
77 μg/L perchlorate in groundwater to below 4 μg/L. Reg-
ular weekly backwashing was necessary to prevent short-
circuiting, especially in their reactor packed using sand as a 
biofilm support medium. However, Kim and Logan (2000) 
observed that perchlorate removal in BAC reactors was not 
stable after backwashing. They suggested that perchlorate 
previously adsorbed to the granular activated carbon de-
sorbed after backwashing, which caused fluctuating efflu-
ent perchlorate concentrations.
Evaluating the effect of backwashing on fixed bed bio-
film reactor performance is complicated by the fact that 
backwashing influences a range of process conditions in-
cluding fluid flow in the fixed bed, the amount of biomass, 
and biofilm structure. Biomass in fixed bed reactors is re-
tained both in the form of biofilms attached to the surfaces 
of the support medium and in the form of large micro-
bial aggregates that accumulate in the inter-particle space 
(Delahaye et al., 1999; Laurent et al., 2003). Backwashing re-
moves the majority of the loosely attached, large microbial 
aggregates and a smaller fraction of the tightly attached 
biofilms (Servais et al., 1991). Mass transfer limitations of 
dissolved oxygen (DO) into large microbial aggregates re-
duce process efficiencies for aerobic processes (e.g., oxida-
tion of organic carbon or nitrification) (Laurent et al., 1999, 
2003). However, for perchlorate and nitrate removal, such 
microbial aggregates can be beneficial as DO mass trans-
fer limitations can result in local anaerobic or anoxic zones 
allowing for perchlorate and nitrate reduction despite the 
presence of DO in the bulk phase. Kim et al. (2004) showed 
that oxygen and nitrate can be reduced simultaneously us-
ing a column reactor containing an aerobic and a denitrify-
ing bacterial strain. Neither of these two populations were 
facultative aerobes and the bulk phase DO concentration 
was too high for denitrification to occur in the bulk liquid. 
They attributed their observation to the existence of anoxic 
zones allowing denitrifiers to reduce nitrate even when the 
bulk phase DO concentration was high. The impact of such 
mass transfer limitations on perchlorate removal in fixed 
bed reactors is not well understood.
The purpose of this study was to evaluate the influence 
of the frequency and intensity of backwash on perchlorate 
removal in biofilm reactors under varying influent DO lev-
els for two fixed bed reactors with two different diame-
ter glass beads (1 or 3 mm) as biofilm support media. Re-
sponses of these biofilm reactors to increasing influent DO 
levels were monitored before and after individual back-
wash events. In addition, repeated daily backwash experi-
ments were conducted with weak or strong backwashing.
2. Materials and methods
2.1. Reactors and reactor operation
Two laboratory-scale fixed bed column reactors with an in-
ner diameter of 2.4 cm and a length of 14 cm were filled, 
respectively, with 1- and 3-mm diameter glass beads as 
packing materials and were operated in parallel. Physi-
cal parameters for both reactors are summarized in Table 
1. The surface of the glass beads was etched for 1 h using 
0.25% HF to enhance the adhesion of bacteria. The influent 
flow was introduced in the bottom of the reactor at a rate 
of 2.7 mL/min (Qinfluent), resulting in an empty bed con-
tact time of 23.4 min. A recirculation loop (Qrecirculation = 
Table 1. Physical dimensions of the biofilm systems
                                                                                             1-mm glass bead reactor                                    3-mm glass bead reactor
Empty bed volume (mL) 63.4 63.4
Reactor volume occupied by the glass bead (mL) 38.7 37.0
Measured porosity of the glass bead bed 0.429 0.454
Surface area of the reactor wall (m2) 0.011 0.011
Surface area of the glass beads (m2) 0.133 0.040
Total surface area (m2) 0.144 0.051
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5 × Qinfluent) was added to approximate completely mixed 
conditions of the bulk liquid. Flow distribution in the col-
umn may have been influenced to some extent by wall-ef-
fects with column to glass bead ratios of 24 and 8 for the 
1 and 3-mm glass bead reactors, respectively (Cohen and 
Metzner, 1981). The 3-mm glass bead reactor was inocu-
lated with biomass from a BAC filter previously operated 
with deionized, distilled water amended with 2 mg C/L ac-
etate and 50 μg/L perchlorate (Brown et al., 2002) and then 
with groundwater amended with 50 μg/L perchlorate (Lin, 
2004). The 1-mm glass bead reactor was inoculated with 
biomass collected from the 3-mm glass bead reactor which 
had been previously operated for 7 months.
Acetate was used as the sole electron donor at an influ-
ent concentration of 2 mg C/L. The electron donor was de-
livered with a syringe pump and was mixed immediately 
before entering the reactor with a feed solution containing 
perchlorate and oxygen. The feed solution was prepared 
with deionized water and contained 50 μg/L perchlorate, 
0.15 mg N/L NH4Cl, and 0.5 mM phosphate buffer result-
ing in pH 7.5. The influent DO level was adjusted to con-
centrations ranging from 1 to 4 mg/L by purging the feed 
solution with N2 gas. The feed solution was isolated from 
the atmosphere after purging using a floating cover to pre-
vent oxygen transfer.
Both reactors were operated with a baseline influent DO 
level of 1 mg/L without backwashing for 4 weeks. The in-
fluent DO level was increased from 1 to 4 mg/L for a 12-
h period on day 28. A strong backwash (see below for de-
tails) was performed on day 29, followed by another 12-h 
period of operation with an influent DO level of 4 mg/L 
on day 30. The transient exposure to increased DO levels 
and backwashing was repeated with an influent DO con-
centration of 3.5 mg/L, beginning on day 62. The effect of 
daily backwashing was evaluated after increasing the in-
fluent DO level to 3 mg/L on day 68. Five daily weak back-
wash events (starting on day 68) were followed by six daily 
strong backwash events (starting on day 73). After the pe-
riod with daily strong backwash events, the reactors were 
monitored for 1 week without backwashing followed by 
another strong backwash on day 85. The influent DO level 
was reduced from 3 to 1 mg/L on day 102. Influent DO lev-
els and timing of backwash events are schematically repre-
sented at the top of Figure 1 and Figures 3–6.
Backwashing was performed with two different in-
tensities. A “weak backwash” was performed by placing 
the contents of the reactor into a 600-mL beaker and add-
ing 100 mL of previously collected effluent. The reactor 
contents were stirred for 1 min with a 7.5 cm long mag-
netic stir bar using a stir plate at 75 revolutions per min-
ute (RPM). The supernatant containing the detached bio-
mass was decanted. A “strong backwash” was performed 
by placing the contents of the reactor into a 600-mL beaker, 
adding 125 mL of collected effluent, stirring at 150 RPM for 
1 min, and decanting the supernatant containing the de-
tached biomass. For the strong backwash, this process was 
repeated once. The biomass detached during backwashing 
was quantified as volatile suspended solids (VSS).
Figure 1. Reactor performance for 1-mm (open symbols) and 3-mm glass bead reactors (closed symbols) in response to increasing influent 
DO concentrations from 1 to 4 mg/L before and after backwash events.
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2.2. Analytical methods
DO was measured using a galvanic oxygen sensor (WTW 
CellOx 325 with Oxi 340i, Weilheim, Germany) with a de-
tection limit of 0.01 mg/L in a flow cell (WTW model D201, 
Weilheim, Germany) connected directly to the reactor efflu-
ent. Perchlorate was measured using an ion chromatograph 
(Dionex ICS-2000, Sunnyvale, CA, USA) with an AS50 au-
tosampler and a conductivity detector. An AS16 column 
and an AG16 guard column were used and the detection 
limit was 1 μg/L. The eluent was 65 mM KOH at a flow 
rate of 1.2 mL/min and the injection volume was 990 μl. 
Dissolved organic carbon (DOC) was measured using a 
UV-Persulfate TOC Analyzer (Tekmar-Dohrmann Phoenix 
8000, Mason, OH, USA) with a detection limit of 0.2 mg/L 
as C. All samples were filtered using a 0.45 μm filter (Na-
lgene SFCA 25 mm, Nalge Nunc International, Rochester, 
NY, USA) prior to analysis. VSS were measured accord-
ing to Standard Methods (APHA et al., 1999). A stereomi-
croscope (Zeiss Stemi 2000-C, Oberkochen, Germany) was 
used to image the biofilm growth patterns directly through 
the glass wall of the reactors without disturbing the bio-
mass structure.
3. Results
3.1. Influent DO variations and individual backwash events
During the initial baseline operation with an influent DO 
level of 1 mg/L, effluent perchlorate concentrations for 
both reactors were consistently below the detection limit 
of 1 μg/L (days 0–28). When the influent DO level was in-
creased to 4 mg/L for a period of 12 h on day 28, perchlo-
rate removal immediately ceased and effluent perchlorate 
concentrations increased to 50 μg/L (Figure 1). During that 
period, effluent DO concentrations increased from below 
the detection limit of 0.01 mg/L to approximately 1 mg/L 
and effluent DOC concentrations decreased from approxi-
mately 1.5 to below 0.5 mg C/L in both reactors (Figure 1). 
Based on the observed DOC removal (2 mg C/L=5.33 mg 
COD/L) and DO removal (3.2 mg/L), a net yield (YH) of 
0.4 g CODbiomass/g CODacetate can be calculated assuming 
that all acetate in the influent was metabolized and that 
the DOC in the effluent only consisted of soluble micro-
bial products. This observed net yield is reasonable for het-
erotrophic growth (Henze et al., 2002). With relatively high 
bulk phase (=effluent) DO concentrations of approximately 
1 mg/L, mass transfer limited anaerobic zones were likely 
not present, explaining the absence of perchlorate removal 
during this 12-h period of increased influent DO concen-
trations. As soon as the influent DO level was returned 
to baseline conditions, both reactors removed perchlorate 
completely (Figure 1).
A strong backwash was performed 12 h after the end of 
the period with increased influent DO concentrations (Fig-
ure 1). Immediately following the backwash event, the efflu-
ent perchlorate concentrations increased to approximately 
15 μg/L in both reactors followed by a complete recovery 
of perchlorate removal within 12 h. On day 30 (12 h after 
the backwash event), the influent DO level was increased 
again to 4 mg/L for a period of 12 h. Similar to the previ-
ous results, effluent perchlorate concentrations reached al-
most 50 μg/L, effluent DO concentrations increased, and 
DOC concentrations decreased in both reactors. However, 
both DO and DOC concentrations were slightly higher 
than during the previous period with the same 4 mg/L in-
fluent DO levels, suggesting that, after backwashing, aero-
bic acetate oxidation was biomass limited. As soon as base-
line operation was resumed, again, both reactors removed 
perchlorate completely.
In this study, glass beads were selected as the support 
medium for biofilm growth, instead of a sorptive material 
such as granular activated carbon, to allow evaluation of 
the effect of biomass growth and detachment patterns with-
out interference from sorption or desorption of perchlorate 
and oxygen. The amounts of biomass detached during back-
washing on day 29 were 28.3 and 18.8 mg VSS for the 1- and 
3-mm glass bead reactors, respectively. The reactors had 
been operated for 4 weeks without backwashing prior to 
backwashing on day 29. Assuming an average effluent ace-
tate concentration of 1.5 mg C/L during baseline operation 
with an influent DO level of 1 mg/L and a net yield of 0.4 g 
CODbiomass/g CODacetate, the estimated biomass production 
for this 4-week period is 41 mg VSS. The amount of biomass 
removed during the backwashing accounted for 69% and 
46% of the estimated biomass production during this period 
in the 1- and 3-mm glass bead reactors, respectively. How-
ever, backwash efficiencies vary and the amount of VSS re-
moved in a single backwash event may be smaller or larger 
than the net biomass accumulation between backwash 
events. In addition, biomass may have been lost through 
detachment during normal operation. The larger amount of 
biomass removed in the 1-mm glass bead reactor suggests 
that more biomass accumulated in the 1-mm glass bead re-
actor, which can be attributed to a larger surface area and 
an improved ability to retain biomass during normal opera-
tion compared to the 3-mm glass bead reactor.
Accumulation of large biomass aggregates in the size 
range of several hundred micrometers was observed dur-
ing operation in both reactors (Figure 2), but they were re-
moved during backwash events. While a quantitative anal-
ysis of size and amount of aggregates was beyond the scope 
of this study, this qualitative observation supports the fea-
sibility of localized mass transport limited zones allowing 
for perchlorate removal to occur in the reactors in spite of 
increased bulk phase DO concentrations.
Figure 2. Stereomicroscope image of media from the 1-mm (a) and 
3-mm (b) glass bead reactor. Arrows indicate large microbial ag-
gregates. Scale bars denote 1 mm.
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The next experimental phase evaluated the influence 
of short-term increases of influent DO levels to 3.5 mg/
L, which is only slightly higher than the estimated DO 
concentration of 3.2 mg/L required to completely oxi-
dize the 2 mg C/L of acetate present in the influent. Un-
like the previous experiment, the response of the reactors 
during 12-h periods with an influent DO level of 3.5 mg/
L was substantially different before and after backwash-
ing (Figure 3). During the first 12-h period (before back-
washing), effluent perchlorate concentrations temporar-
ily increased to 5 and 20 μg/L in the 1- and 3-mm glass 
bead reactors, respectively. During the second 12-h pe-
riod (after backwashing), effluent perchlorate concentra-
tions increased to the influent level of 50 μg/L in both 
reactors. Bulk phase DO concentrations increased to ap-
proximately 0.2 mg/L in the first and approximately 
0.8 mg/L during the second 12-h period. Bulk phase 
DOC concentrations decreased in both periods to ap-
proximately 0.2 mg C/L. The immediate effect of back-
washing under baseline conditions (day 65) was similar 
to the effect observed for the previous backwash and the 
effluent perchlorate concentrations temporarily increased 
to 7.3 and 13.7 μg/L in the 1- and 3-mm glass bead reac-
tors, respectively. The amounts of VSS removed during 
this second backwash event were 58 and 37.5 mg VSS for 
the 1- and 3-mm glass bead reactors, respectively. The 
amount of removed VSS is close to the theoretically ex-
pected amount of 53 mg VSS (assuming an average efflu-
ent acetate concentration of 1.5 mg C/L for the 36 days 
of operation since the previous backwash).
3.2. Daily backwash events
The effect of daily backwashing was evaluated with an in-
fluent DO level of 3 mg/L, which is just below the theoret-
ical stoichiometric requirement for the complete oxidation 
of the acetate present in the influent. Increasing the influ-
ent DO concentration from 1 to 3 mg/L did not result in 
increased effluent perchlorate concentrations (day 68, be-
fore backwashing in Figure 4). Effluent perchlorate concen-
trations increased following each of five weak backwash 
events. In the 1-mm glass bead reactor, effluent perchlo-
rate concentrations decreased to below the detection limit 
within 24 h, while the recovery in the 3-mm glass bead re-
actor remained incomplete after the first three backwashes. 
Daily weak backwashing prevented large microbial aggre-
gates from developing in both glass bead reactors based on 
visual examination of biomass removed during backwash 
events and of the filter beds. Over time, backwashing had 
less influence on perchlorate removal in both reactors: the 
initial weak backwashing caused effluent perchlorate con-
centrations to increase up to 30 μg/L while perchlorate 
concentrations after subsequent backwash events remained 
below 10 μg/L at all times.
Figure 3. Reactor performance for 1-mm (open symbols) and 3-mm glass bead reactors (closed symbols) in response to increasing influent 
DO concentrations from 1 to 3.5 mg/L before and after backwash events.
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Daily strong backwashing began on day 73 and had a 
much larger impact on perchlorate removal compared to 
weak backwashing (Figure 5). Following five strong back-
washing events, effluent perchlorate concentrations in both 
reactors increased to 50 μg/L and only decreased slowly. 
In most cases, effluent perchlorate concentrations did not 
decrease below the detection limit between daily strong 
backwash events. During the period of daily strong back-
washing, effluent DO concentrations were approximately 
0.5 mg/L; the effluent DOC concentrations did not show 
a clear pattern. Lack of perchlorate removal after strong 
backwashing can be explained by the loss of large biomass 
aggregates, removal of biofilm growing on the glass bead 
surface, and increased bulk phase DO concentrations due 
to biomass limited oxygen removal. Unlike the weak daily 
backwashing experiment, there was no substantial differ-
ence between the performances of 1- and 3-mm glass bead 
reactors.
3.3. Recovery of system performance after strong daily 
backwashing
After the five daily strong backwashing events, while 
maintaining an influent DO level of 3 mg/L, perchlorate 
removal continued to deteriorate (Figure 6). On day 85, fol-
lowing six strong backwashing events, the effluent perchlo-
rate concentrations reached approximately 20 μg/L in both 
reactors. Perchlorate removal deteriorated further after an-
other strong backwashing event on day 85 even though 
bulk phase DO concentrations were at times below 0.1 mg/
L. Apparently, daily strong backwashing resulted in a sub-
stantial decrease in the activity of perchlorate reducing bac-
teria in the systems. Perchlorate reduction could not be re-
established with an influent DO level of 3 mg/L during a 
2-week period without backwashing even though these 
conditions prior to daily backwashing had allowed for sta-
ble and complete perchlorate removal.
After decreasing influent DO levels to 1 mg/L on day 
102, bulk phase DO concentrations decreased to below the 
detection limit and perchlorate removal recovered com-
pletely within 2 or 4 days for the 1- and 3-mm glass bead 
reactors, respectively. During this period, effluent DOC 
levels increased above influent acetate concentrations, pos-
sibly due to an increased release of soluble microbial prod-
ucts after decreasing the influent DO levels to 1 mg/L. The 
time period necessary for the recovery of perchlorate re-
moval was longer than the time required for system re-
covery after short-term exposure to increased influent DO 
levels, but shorter than the time required for initial reac-
tor start-up of 2 weeks (data not shown). The time required 
for recovery can be explained by the need for regrowth of 
perchlorate reducing bacteria. The faster recovery of the 1-
Figure 4. Reactor performance for 1-mm (open symbols) and 3-mm glass bead reactors (closed symbols) in response to weak daily back-
wash events with influent DO concentrations of 3 mg/L.
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mm compared to the 3-mm glass bead reactor is consistent 
with the larger surface area in the 1-mm glass bead reac-
tor, which may have retained a larger amount of perchlo-
rate reducing bacteria even during the period of reduced 
perchlorate removal.
4. Discussion
4.1. Influence of oxygen
Perchlorate reduction is inhibited by oxygen for all known 
perchlorate reducing bacteria (Kengen et al., 1999; Song 
and Logan, 2004; Xu et al., 2003). Inhibition by oxygen also 
was observed in the current study; an influent DO level of 
4 mg/L resulted in bulk phase DO concentrations of ap-
proximately 1 mg/L and the breakdown of perchlorate 
removal (Figure 1). However, for an influent DO level of 
3.5 mg/L, bulk phase DO concentrations were approxi-
mately 0.2 mg/L (following a period of more than 4 weeks 
without backwashing) and with these conditions partial 
perchlorate removal was observed (day 62 in Figure 3). The 
effect of oxygen on perchlorate removal observed in this 
study is different from previously reported observations. 
Song (2004) determined a threshold DO concentration to 
inhibit perchlorate reduction of 0.04 mg/L (only 4% of the 
influent perchlorate was reduced in a chemostat by a pure 
suspended culture of Dechlorosoma sp. KJ). Song and Logan 
(2004) showed that a 12-h exposure to DO concentrations 
of 6–7 mg/L inhibited perchlorate removal in a suspended 
culture of Dechlorosoma sp. KJ even after oxygen had been 
removed. In the current study, while no perchlorate re-
moval was achieved with influent DO levels of 4 mg/L 
(bulk phase DO concentrations of approximately 1 mg/L), 
complete perchlorate removal was achieved within 30 min 
after decreasing the influent DO concentrations to 1 mg/
L (bulk phase DO concentrations below the detection limit 
of 0.01 mg/L) (Figure 1). There are two possible explana-
tions for these differences: (1) inhibition threshold levels 
and long-term effects of oxygen are species dependent and 
differ between Dechlorosoma sp. KJ and the perchlorate re-
ducing bacteria present in the mixed community in the cur-
rent study; (2) mass transfer limitations in the current study 
caused the DO concentrations inside the biofilm to be sub-
stantially lower than in the bulk phase. The relevance of 
mass transfer limitations due to the accumulation of bio-
mass has been well documented for BAC filters (Laurent et 
al., 2003). With bulk phase DO concentrations of 0.2 mg/L 
(day 62, Figure 3), DO concentrations in part of the biofilm 
conceivably were below the 0.04 mg/L threshold reported 
by Song (2004). It is interesting to note that on day 62,with 
an influent DO level of 3.5 mg/L, perchlorate removal was 
greater in the 1-mm glass bead reactor compared to the re-
moval in the 3-mm glass bead reactor even though the bulk 
phase DO and DOC were very similar. This result can be 
Figure 5. Reactor performance for 1-mm (open symbols) and 3-mm glass bead reactors (closed symbols) in response to strong daily back-
wash events with influent DO concentrations of 3 mg/L.
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explained since the 1-mm glass bead reactor had accumu-
lated more biomass compared to the 3-mm glass bead reac-
tor (based on 58 vs. 37.5 mg VSS that were removed during 
backwashing, respectively) and presumably a larger frac-
tion of the biomass was anaerobic. This apparent beneficial 
effect of mass transfer limitations was observed only for 
relatively low bulk phase DO concentrations of less than 
0.2 mg/L. In a deep biofilm anaerobic zones can develop if 
the biofilm is sufficiently thick and if electron acceptor con-
centrations relative to electron acceptor concentrations are 
sufficiently high (Wanner et al., 2006). Oxygen is likely to 
be limiting for γ  1 where
γ =  (1 – YH)  DS/DO2 × SS/SO2                          (1)
and where DS and DO2 are diffusion coefficients for the 
electron donor and oxygen in the biofilm and SS and SO2 
are bulk phase electron donor and DO concentrations. For 
bulk phase DO concentrations of approximately 0.2 mg/L, 
anaerobic zones are likely to develop for bulk phase acetate 
concentrations larger than 0.27 mg DOC/L (assuming DS 
and DO2 of 0.8 and 1.7 cm2/d, respectively). Thus, it is feasi-
ble that oxygen utilization in the biofilm resulted in anaer-
obic zones. Problems with the direct application of Equa-
tion (1) to the experimental results in this study are that the 
effluent DOC most likely accounts for a mixture of organic 
substrates including non-biodegradable soluble microbial 
products and that Equation (1) does not take into account 
endogenous respiration. For an influent DO level of 4 mg/
L (bulk phase DO concentrations of approximately 1 mg/
L), mass transfer limitations were apparently not sufficient 
to reduce DO concentrations within the biofilm to below 
the inhibitory threshold (Figure 1).
4.2. Influence of backwashing
The short-term effect of backwashing on perchlorate re-
moval depended both on influent DO levels and backwash 
intensity. With an influent DO level of 1 mg/L, a time pe-
riod of up to 12 h was required for the effluent perchlo-
rate concentration to decrease to below the detection limit 
following a backwashing event (Figure 1 & Figure 3). This 
lag period was longer than the lags observed after short-
term increases of influent DO levels, which were typically 
less than 1 h. Since exposure of biomass from the reactors 
to DO concentrations of up to 40 mg/L did not result in a 
lag in perchlorate reduction (data not shown), short-term 
exposures to the atmosphere during backwashing should 
not have had an impact on the length of the lag period 
after backwashing. One explanation for the observed lag 
could be that some biomass growth was required before 
complete perchlorate removal could be achieved after 
backwashing.
Figure 6. Reactor performance for 1-mm (open symbols) and 3-mm glass bead reactors (closed symbols) following a period of strong 
daily backwashing with influent DO concentrations of 3 or 1 mg/L.
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With an influent DO concentration of 3 mg/L, the re-
covery of perchlorate removal after backwashing was even 
slower. For a single weak backwash, partial perchlorate re-
duction recovered within approximately 12 h (day 68 in 
Figure 4), while after strong backwashing full recovery was 
not achieved within 24 h (day 73 in Figure 5). This differ-
ence between observed perchlorate removal after weak or 
strong backwash could be explained by the weak backwash 
removing mainly loosely attached large microbial aggre-
gates while the strong backwash also removes significant 
amounts of the strongly attached biofilm. As suggested 
above, perchlorate reduction in the presence of detectable 
bulk phase DO concentrations can be achieved in localized 
anaerobic zones within large microbial aggregates. Remov-
ing these aggregates has a larger effect on perchlorate re-
moval for higher bulk phase DO concentrations. With an 
influent DO level of 1 mg/L, bulk phase DO concentrations 
were below the detection limit and mass transfer resistance 
may not be necessary to provide conditions suitable for 
perchlorate reduction. Brown et al. (2003) reported a differ-
ent effect of backwashing on perchlorate removal. They ob-
served improved perchlorate removal following backwash-
ing presumably due to reduced clogging and channeling 
following months of operation without backwashing. In 
the current study, backwashing never resulted in improved 
system performance.
In full-scale fixed bed biofilm reactors backwashing inter-
vals are typically much shorter (ranging from 1 to 7 days) 
than in most research studies. However, backwashing is 
costly as it causes downtime of the reactors during back-
washing and since the wash water needs to be treated. Re-
sults from this and other laboratory scale studies (e.g., Brown 
et al., 2003) indicate that longer intervals between backwash-
ing can be feasible, at least if biological performance is the 
criterion used for evaluation. In full-scale reactors, shorter 
intervals between backwashing are often based on process 
requirements other than the biological performance (e.g., 
backwashing is performed to prevent localized lumping of 
filter medium or to distribute active biomass evenly over the 
height of the reactors). The feasibility of longer backwash-
ing intervals between backwashing for fixed bed biofilm re-
actors used for drinking water treatment should be further 
evaluated in pilot or full-scale applications.
The positive effect of localized anaerobic zones on per-
chlorate reduction was observed only for a narrow range of 
influent DO levels, while influent DO and electron donor 
were present in approximately stoichiometric ratios result-
ing in γ ≈ 1. Brown et al. (2005) suggested dosing electron 
donor at approximately stoichiometric requirements to re-
duce competing electron acceptors in the influent.* In re-
search applications, however, electron donor is often added 
 
 
 
 
 
 
 
 
in much larger concentrations (Brown et al., 2003; Min et 
al., 2004). It should be noted that conclusions drawn on the 
influence of backwashing are applicable only when simi-
lar electron donor and acceptor ratios are considered. For 
practical reactor operation, one goal is to minimize electron 
donor addition in order to minimize cost. While it is possi-
ble to achieve stable performance by adding near-stoichio-
metric amounts of electron donor, it needs to be considered 
that minimizing electron donor addition can result in less 
stable system performance following backwashing.
4.3. Influence of biofilm history
Perchlorate removal depended not only on influent DO and 
electron donor concentrations but also on the history of the 
reactor. For daily weak backwashing, the system adjusted 
to these frequent backwashes after some time. The weak 
backwash events on days 71 and 72 had a much smaller 
impact on perchlorate removal than those performed on 
days 68, 69, and 70 (Figure 4). This observation may be ex-
plained by the development of tightly attached biofilms of 
perchlorate reducing and other heterotrophic bacteria on 
the support medium, and the reduced role of loosely at-
tached large aggregates that are easily removed during 
backwashing. For daily strong backwashing, however, per-
chlorate removal deteriorated and did not recover even af-
ter 17 days without backwashing with influent and oper-
ating conditions that had previously allowed for complete 
perchlorate removal (Figure 6). Perchlorate removal recov-
ered only after decreasing influent DO levels to 1 mg/L. 
These results raise questions regarding the extent by which 
shifts in specific microbial populations and changes in bio-
film structure determine reactor performance and how re-
actor operation can be used to control such shifts. McCarty 
and Meyer (2005) applied a model to predict perchlorate re-
moval based on the relative penetration of competing elec-
tron acceptors (oxygen, nitrate, and perchlorate) into bio-
films. In their model, it was assumed that the appropriate 
bacteria (i.e., aerobic heterotrophic, denitrifying, and per-
chlorate reducing bacteria) establish themselves in differ-
ent redox zones, and that perchlorate and nitrate removal 
are limited by the availability of electron donors rather 
than by the availability of appropriate bacteria. Our results 
agree with other studies in which reactor performance was 
not only determined by current operating conditions but 
also by the history of reactor operation (Kirisits et al., 2001; 
Wolf et al., 2005).
Further research should evaluate to what extent perchlo-
rate reducing bacteria can establish themselves in a biofilm 
under optimal or suboptimal operating conditions.
4.4. Scale up
Glass beads are frequently used when a well defined and 
non-porous support medium is necessary for laboratory-
scale biofilm reactor studies (e.g., Logan and LaPoint, 2002; 
Zhang and Huck, 1996). When interpreting results from 
such laboratory-scale systems, similarities and differences 
to full-scale systems need to be considered. In the current 
study, effluent perchlorate concentrations were similar to 
* Note that Brown et al. (2005) expressed their acetate dosage as 
the amount of acetate needed to reduce influent electron accep-
tors but neglected acetate used for cell synthesis. Taking into ac-
count cell synthesis with a net yield of 0.4 g CODbiomass/g CO-
Dacetate the acetate dosing of 150–183% of the stoichiometric 
requirement in their paper corresponds to 90–110% of the actual 
stoichiometric requirement. 
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bulk phase concentrations in the reactors since recircula-
tion of the effluent provided near completely mixed con-
ditions in the bulk phase. Full-scale biofilm reactors are 
usually operated without recycling, which leads to concen-
tration gradients along the length of the reactor. Whether 
backwashing results in complete mixing of the biofilm sup-
port media and avoid a heterogeneous distribution of bio-
mass along the length of the reactor depends on factors 
such as reactor geometry and filter bed expansion during 
backwashing (Laurent et al., 2003). The completely mixed 
biofilm reactor used in the current study may not be repre-
sentative of all types of fixed bed BAC reactors depending 
on mixing characteristics.
Suitable methods need to be developed to directly mon-
itor biofilm growth and the accumulation of large micro-
bial aggregates in filter media. In the current study, the sig-
nificance of mass transfer limited zones is suggested based 
only on indirect inference. Large microbial aggregates were 
observed inside the reactors and during backwashing (Fig-
ure 2) and mass transfer limitations in such aggregates help 
to explain the observed perchlorate removal during periods 
with relatively high bulk phase DO concentrations. How-
ever, further studies are necessary to quantify the amount, 
distribution, and significance of these large microbial aggre-
gates and their contribution to overall reactor performance.
Backwashing in the current study was performed after 
removing the reactor content from the reactor. The energy 
input and shear or abrasion forces during this backwashing 
procedure are different from those associated with back-
washing in full-scale applications for which air scouring 
and increased water flow rates are typically used to expand 
the filter bed. However, the net result of backwashing, i.e., 
removal of the majority of the accumulated large microbial 
aggregates and a smaller fraction of the biofilm directly at-
tached to the support medium, likely is similar in full-scale 
applications and in the current study (Laurent et al., 2003). 
Nevertheless, mixing conditions and backwashing of fixed 
bed biofilm reactors depend on scale and reactor geometry 
(Min et al., 2004) and mechanisms derived from laboratory-
scale studies need to be evaluated further in pilot- and full-
scale studies.
5. Conclusions
The effect of backwashing on perchlorate removal was 
studied in fixed bed biofilm reactors using 1- or 3-mm glass 
beads as support media. It was shown that:
• The response of fixed bed biofilm reactors to transient in-
creases in influent DO levels depended on the history of 
backwashing. For an influent DO level of 3.5 mg/L and a 
slight electron donor deficit, no perchlorate removal was 
observed after strong backwashing, while the same influ-
ent conditions before backwashing resulted in 60% per-
chlorate removal. Presumably, the accumulation of large 
microbial aggregates resulted in local anaerobic zones 
that allowed for perchlorate reduction even with detect-
able DO concentrations in the bulk phase. Backwashing 
removed these aggregates and resulted in poor perchlo-
rate removal in the presence of DO in the bulk liquid.
• The influence of backwashing on perchlorate removal de-
pended on the electron donor to acceptor ratio in the in-
fluent. With electron donor addition in excess of stoi-
chiometric requirements (3.2 times the stoichiometric 
requirement based on a net yield of 0.4 g CODbiomass/
g CODacetate), strong backwashing resulted in a brief 
(<12 h) and small increase in effluent perchlorate con-
centrations. With the addition of electron donor close 
to stoichiometric requirement, perchlorate removal did 
not recover within 24 h after strong backwashing.
• The response to daily backwashing depended on the 
backwashing intensity. Weak daily backwashing had a 
small and, over time, decreasing negative effect on per-
chlorate removal. Strong daily backwashing had a sub-
stantial influence and ultimately lead to the complete 
breakdown of perchlorate removal.
• For practical applications, increasing the electron donor 
addition above the stoichiometric requirement would 
result in lower bulk phase DO concentrations, which 
would lead to more stable biofilm reactor performance 
following backwashing.
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